Fine grain particles such as sugar, sand, salt etc. form Chladni patterns on the surface of a thin plate subjected to acoustic excitation. This principle has found its relevance in many scientific and engineering applications where the displacement or response of components under the influence of vibration is vital. This study presents an alternative method of determining the modal shapes on vibrating plate in addition to other existing methods like the experimental method by Ernst Chladni. Three (3) finite element solvers namely: CATIA 2017 version, ANSYS R15.0 2017 version and HYPERMESH 2016 version were employed in the modelling process of the 0.40 mm x 0.40 mm plate and simulation of corresponding mode shapes (Chladni patterns) as well as the modal frequencies using Finite Element Method (FEM). Result of modal frequency obtained from the experimental analysis agreed with the FEM simulated, with HYPERMESH generated results being the closest to the experimental values. It was observed that the modal frequencies obtained from the FEM and experimental approach increased as the excitation time increased. ANSYS R15.0 and HYPERMESH software clearly represented the modal lines and mode shapes for each frequency which CATIA software was somewhat limited. This study has shown that FEM is an effective tool that can save time and energy invested in acoustic experiments in determining modal frequencies and patterns.
INTRODUCTION
Visualization of patterns formed on an acoustically excited thin plate under the influence of a vibrator can be achieved when fine sand, grains of sugar etc. are deposited on the plate surface during vibration. This great invention had its publicity in early 1787 when Ernst Chladni found that fine grain particles on the plate surface can rearrange themselves into aesthetically developed patterns [1, 2] . Despite their aesthetics and artistic beauty, Chladni patterns have applications in vibration of flat plates, construction of musical instruments such as violins, guitars, speakers etc. [3, 4] . Application of Chladni's method further indicate that plates with different shapes under the influence of vibration can present diverse patterns on the surface of the plate. The natural frequencies at which thin plates vibrate is vital to the visualization of nodal lines formed by the Eigen modes. The ideal method of analysing these patterns is by solving the inhomogeneous Helmholtz equation using proper boundary conditions. However, it is difficult and time consuming to accurately employ this method, particularly in the case of vibrating plates with irregular open boundaries [5] . For example, Amore [6] computed a method for solving the Helmholtz equation using mathematical relation known as "little sinc functions" which was only applicable to irregular and/or inhomogeneous membrane with fixed boundary conditions. According to Owunna et al. [7] estimating the natural frequencies of vibrating plate is an aspect of dynamic analysis, referred to as eigenvalue analyses. While the frequencies are determined through experimental process, the resonant frequencies are acquired by probing the variation of the effective impedance of the oscillator with and without the thin plate. Using Qt framework and the Open Graphics Library, Muller et al. [8] developed the graphical user interface NumChladni, an interactive tool for studying arbitrary twodimensional vibrating plates. The eigenvalue system to determine the eigenmodes of arbitrarily shaped, thin plates based on Finite Element Method (FEM) was derived. Shridhar [9] examined the effects of adhesion, friction, and damping on the development of Chladni patterns, and suggested actual applications for these effects. This was achieved through the application of spatial autocorrelation analysis in exploring the effects of adhesion and frictional forces on the rate of pattern formation. Investigation on how to control the motion of multiple objects on a Chladni plate revealed that the motion is sufficiently regular to be statistically modelled, predicted and controlled [10] . By playing carefully selected musical notes, the authors showed that the position of multiple objects can be controlled simultaneously and independently using a single acoustic actuator. This method allows the determination of independent trajectory, pattern transformation and sorting of multiple miniature objects in a wide range of materials. By means of ultrathin silicon membranes excited in the low ultrasound range, Vuillermet [11] illustrated that it is possible to form two-dimensional Chladni patterns of microbeads in liquid. From the findings, it was observed that the combined effects of an ultrathin plate excited at low frequency (yielding to subsonic waves) together with reduced gravity (arising from buoyancy) will enhance the importance of microstreaming in the Chladni problems. In this study, experiment was conducted at various frequencies to determine the corresponding Chladni patterns which were emulated using finite element method.
MATERIALS AND METHOD
For the experimental procedure, a square thin plate (0.40mm x 0.40mm) was attached to the driver (indicated by the circular surface region in Figure 1a ) by gently removing the screws from the oscillator surface and putting the screws back as shown in Figure 1b . This was followed by superimposing the square plate (see Figure 1c ) on the surface of the oscillator, by ensuring that the centre hole of the plate fits into the central nub in the electromechanical oscillator. To reduce friction, graphite powder was periodically applied on the plate surface and excesses were brushed off. This was performed before sprinkling grain particles of granulated sugar on the surface of the primary plate. The electro-mechanical oscillator was turned on, starting from a frequency signal of 100 Hertz at 7 seconds. The amplifier was slowly adjusted until vibration began to occur and the primary thin plate excited, producing line patterns while recording the modal frequencies. At intervals, the amplitude was reduced in order to sprinkle additional quantity of sugar on the plate. For each vibration phase, the frequency at which clear mode shapes formed were recorded accordingly. As the mechanical oscillator was driven with an amplified sinusoidal voltage, a digital galvanometer was connected in series with the mechanical oscillator to probe the effective current amplitude. This allowed the frequency response of the effective impedance of the mechanical oscillator to be measured. All investigations using FEM were performed on a 0.40mm x 0.40mm CAD models of the thin plates in CATIA is an engineering and design software that enables the creation of 3D parts from 2D sketches, with functional tolerances as well as kinematic definition of points on simulated models. On the other hand, Ansys workbench performs similar function like CATIA, as the performance of designed products can be modelled, simulated and predicted with different specifications that correlate with experimental validation as demonstrated in this study. In addition, Ansys has an integrated solver that aids the application of loads and boundary conditions while Hypermesh is mainly designed for meshing of Computer Aided Design (CAD) parts. It helps breakdown the geometry or profile into smaller elements for effective application of the boundary conditions which in this study are the frequency signals ranging from 100HZ at 7s, 14s, 28s, 35s, 42s, 49s, and 56s to 8888Hz respectively. The following steps were adopted in the finite element method as applied to the mechanics of thin plates;
i. The thin plate models were constrained at the centre and in all degrees of freedom. ii.
Generation of 3D solid mesh. This divided the continuum into finite number of elements characterized by line segments and nodes. iii.
Selection of key points on the elements to serve as nodes where conditions of equilibrium and compatibility are applied. iv.
Assumption of displacement functions for individual element such that the displacements at each generic point is depended upon the nodal values. v.
Stiffness and equivalent nodal loads were established for a given element using flexibility method or energy principles. vi.
Equilibrium equations were generated for each set of nodes of the discritized continuum in terms of the idealized element. vii.
The equilibrium condition was solved for the nodal displacements.
Considering a thin flat plate driven by a timeharmonic source F(r'), the response function Ψ(r, r',̃) of the vibrating plate can be solved with the inhomogeneous Helmholtz equation [12] given by Equation (1);
Where, ̃= + , k is the driving wave number and y is the damping coefficient of the vibrating system. Equivalent deflections found for each mode shapes [13] is given in Equation (2);
Where, Wo(xo, yo) is the point on the square plate which has the maximum deflection and (xo, yo) is the location of that point. The maximum deflection point differs for different mode shapes. Under a time-harmonic condition, the effective coupling efficiency of the normalized power transferred from the point source to the vibrating plate can be given by Equation (3);
Where k is the driving wavenumber, kn is the eigenvalues close to the driving wave number, ϕ ( ′ ) is the eigenmodes. Applying the Greens function, the response function excited by any general source F(r') [14] is given by; Ψ(r, r',̃) = ∫ (r, r',̃) ( ′) 3 ′ (4)
For the system with y˂˂k, the Green's function can further be expressed with the Eigen modes [14] given as;
(r, r',̃) = ∑ ϕ * ( ′ ). ϕ ( )
Where, ϕ ( ) and kn are the eigenmodes and eigenvalues. Substituting Equation (5) into Equation (4), the normalized response function Ψ(r, r',̃) is given by Equation (6); Ψ(r, r',k)= ∑ a n n (r',k) ϕ n (r)
Considering a piece of square plate, the eigenmodes are given by Equation (7);
Where n1 = 0, 1, 2, 3…. and n2 = 0, 1, 2, 3……, the eigenvalues corresponding to the eigenmodes ϕ 1 , 2 ( , ) are given Equation (8);
With a point source at the centre, the driving function can be expressed in Equation (9);
Where, Fo is the amplitude of the driving source Equation (10) is the forth-order wave equation describing flexural or bending waves in the thin plate vibrating under the influence of electro-mechanical oscillator [15] . Where, l is length of the plate, w is width of the plate
RESULTS AND DISCUSSION
As shown earlier in Figure 1a , a circular region of the oscillator can be seen on the surface of the vibrator when the square-like flat plate is not yet installed. When the electromagnetic oscillator was connected to a power source and the square plate properly positioned on top of the circular part, the vibrating effects of the oscillator at different frequencies were transmitted through the circular region of the oscillator in Figure 1a , to the 0.4mm x 0.40mm thin square plate which generated various patterns in the process. Figure 3 represents the traveling wave on the circular region of the oscillator, resulting from the vibrating effects at different frequencies. Tables 1-4 35  185  176  183  189  192  188  184  187  6.  42  202  207  209  214  216  218  213  212  7.  49  218  224  226  230  228  234  225  223  8.  56  226  232  234  239  243  245 236 240 This agrees with the investigation carried out by Owunna et al. [7] on experimental modal analysis of a flat plate subjected to vibration. The experimental investigation in this study was designed to show the influence of a plate geometry on the modal shapes (the shapes characterized by line patterns appear as the frequencies resonate with the thin plate) formed when the plate is subjected to vibration (the overlap of the waves results an interference pattern of nodes). Therefore, a thin sheet of metal excited at resonance is divided into various patterns vibrating in opposite directions bounded by lines of vibration referred to as nodal lines. The visibility of these nodal lines was achieved by sprinkling sugar on the surface of the excited thin plate under vibration. The various positions on the surface of the plate where the sugar particles bunched up and appeared to halt in motion are known as the nodes. In other words, as the frequency varies, the position of the nodes adjust gradually until they stagnate at a point where fine imaginary lines patterns are formed [17] . By so doing, the sugar particles skitter from one end of the plate to the other and bunches up at a point, transforming itself into a more complex geometric shapes. In the experimental process, it was observed that as the frequency varied, the position of the nodes adjusted across the top plane of the plate. It was also observed that the longer the excitation time, the higher the modal frequencies and the more complex the shapes and patterns formed on the plate surface as shown in Tables 1-4 and Figures 12-15 . In this case, higher frequencies imply more peaks in the sound wave, and thus increasing nodes in the resulting interference pattern. Therefore, as the sound waves resonate through the thin metal sheet, there is a backward reflection of the sound towards the source, producing a sound that irritates the ear. In recent times, loud speaker and electronic signal generator such as the electromagnetic single axis systems have been employed to control the frequency of the sound as it increases. It should be noted that the line patterns, mode shapes as well as the frequencies obtained in this study is only for square plate, as the use of circular, triangular and rectangular plates will provide great variety of patterns different from those presented in this study. Figure 16a represent the forces experienced by particles with high damping coefficients while Figure  16b represent the forces experienced by particles with low damping coefficients. The resulting velocity of a grain particle bouncing on the surface of a vibrating plate depends upon the velocity of the plate upon impact, particle velocity before collision, and the viscous damping coefficient. Rise in the viscous damping coefficient proportionally decreases the resulting particle velocity by absorbing more of the force applied on the vibrating plate. However, in cases where the damping force is sufficient enough such that the breakoff force exceeds the applied force, then the particle will not bounce at all, and will rather stick to the plate surface in a short period of time until the force exerted by the plate exceeds the breakoff force including the effect of viscous damping. This agrees with the investigation carried out by Shridhar [9] , and plays a vital role in any successful experiment on acoustically excited plate. a b Figure 16 : Effect of Particle Damping on the Force Exerted on a Bouncing Particle on a Vibrating Plate
CONCLUSION
Finite Element Method has been successfully employed in this study to emulate the modal frequencies and patterns in thin plates under acoustic excitation, and the results obtained correlates with the experimental values. This can serve as alternative to the numerical and experimental methods, considering the proximity between the experimental values and FEM values. For further investigation in engineering field, FEM can be adopted to check the effects of acoustic excitations on displacement, deformation and stress profiles of thin plates. This could unravel the challenges surrounding the stress build-ups in mechanical and structural components in relation to their failure mechanisms.
